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ABSTRACT 

We have detected CO (3 — 2) line emission from the gravitationally lensed quasar 
MG 0414+0534 at redshift 2.64, using the IRAM Plateau de Bure Interferometer. 
The line is broad, with A^fwhm = 580 km s _1 . The velocity-integrated CO flux 
is comparable to, but somewhat smaller than, that of IRAS F10214+4724 and the 
Cloverleaf quasar (H1413+117), both of which are at similar redshifts. The lensed 
components A1+A2 and B were resolved, and separate spectra are presented for each. 

We also observed the unlensed radio quiet quasar PG 1634+706 at z = 1.33, finding 
no significant CO emission. 



Subject headings: Techniques: miscellaneous — radio continuum: general 



1. INTRODUCTION 



The study of molecular gas in active galactic nuclei (AGNs) can provide a window on 
the processes that fuel, and sometimes hide, the central engine, and can potentially aid in 
understanding how large scale processes such as galaxy interactions and mergers trigger nuclear 
activity. The general picture of AGN activation that has emerged over the past decade or so 
involves the following events: a merger induces a concentration of mass in the galactic nucleus, in 
the form of dusty molecular gas (e.g. Barnes & Hernquist 1996). Some fraction of this molecular 
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material is driven down to very small scales, where it provides the fuel for the central black 
hole. Initially, the newly energized AGN is hidden by the dusty gas, but it eventually emerges 
(at least along some lines of sight) as the gas is consumed, ejected, or flattened into a disk-like 
configuration. Along the way, a nuclear starburst may occur. Absorption and re-emission of 
the nuclear and stellar energy sources by dust can result, at least in the early phases, in a very 
luminous infrared source. This sort of scenario provides a natural evolutionary link between 
luminous infrared galaxies and mature AGNs (Sanders et al 1988). 

Carbon monoxide and a limited suite of other molecules have been detected, and in few cases 
mapped, in a number of AGNs. At low redshifts these include Seyfert galaxies (Sanders et al 1987, 
1989; Heckman et al 1989; Miexner et al 1990; Sternberg, Genzel & Tacconi 1994; Heifer & Blitz 

1995) , radio galaxies (Mirabel, Sanders, & Kazes 1989), and low- to moderate- luminosity quasars 
(Sanders, Scoville, & Soifer 1988; Barvainis, Alloin, &, Antonucci 1989; Alloin et al 1992; Scoville et 
al 1993). At high redshifts [z > 0.4) there have been only three confirmed CO detections, amidst 
a number of (as yet) unconfirmed reports. The confirmed high-z CO sources are the infrared 
galaxy/hidden quasar IRAS F10214+4724 at z = 2.28 (Brown & Vanden Bout 1992; Solomon et 
al 1992), the Cloverleaf quasar (H1413+117) at z = 2.56 (Barvainis et al 1994; Wilner, Zhao, & 
Ho 1995), and the quasar BR1202-0725 at z = 4.69 (Omont et al 1996a; Ohta et al 1996). It 
appears from these high-redshift objects, and also from molecular studies at lower redshifts, that 
a necessary but not sufficient condition for CO detection is the presense of a strong far- infrared 
or millimeter /submillimeter continuum, i.e. one that is detectable either in the IRAS database at 
60 /j,m or 100 fim, or by ground-based telescopes at ~ Almm. 

Of these three confirmed high-z CO sources, the Cloverleaf (4 images; Magain et al 1988) and 
IRAS F10214+4724 (gravitational arc system; e.g. Broadhurst & Lehar 1996; Eisenhardt et al 

1996) are definitely gravitationally lensed, and both have IRAS and 1 mm continuum detections 
(Barvainis et al 1995, and references therein). BR1202— 0725 may also be lensed, but this is 
uncertain at this time. The optical emission shows a single source (a classical broad- line quasar), 
but in the 1 mm continuum and in CO (5 — 4) line emission the source is a double with a separation 
of « 4". The southeast mm/CO source is coincident with the optical quasar, while the location 
of the northwest component shows no counterpart in deep optical exposures (Hu, McMahon, & 
Egami 1996). The CO spectra of the two components are rather noisy, but reveal no significant 
differences in line shape or velocity centroid. No direct evidence has yet been found for a lensing 
galaxy or cluster toward BR1 202— 0725, but evidence of gravitational shear in the field has been 
reported (see Omont et al 1996a). Either the system is lensed, with the optical part of the 
northwest image extincted by dust in the lensing galaxy, or else it consists of a luminous quasar 
with extremely luminous submillimeter and CO emission and an optically weak or absorbed (but 
equally mm/CO strong) companion. 

It would be very useful to know to what extent gravitational lensing amplification is in fact 
necessary for the detection and study of CO and other molecules at high redshift, given current 
instrumental limitations. Recent work suggests that lensing, while always helpful, may not be 
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required in all cases. In the apparently unlensed radio galaxy 53W002 (z = 2.39), a weak CO(3-2) 
line has recently been reported by Scoville et al (1997). This object has not been detected as yet 
in the far-infrared/submillimeter continuum. Guilloteau et al (1997) report a highly significant 
CO(5— 4) line at z = 4.41 from the radio quiet quasar BRI 1335-0415, which has a 1.3 mm 
continuum detection (Omont et al 1996b) but like 53W002 shows no evidence for lensing. In this 
Letter we report a sensitive search for CO emission from two high redshift systems, both of which 
are far-infrared/submillimeter continuum sources, but only one of which is gravitationally lensed. 

2. OBSERVATIONS AND RESULTS 

The observed sources are PG 1634+706, a luminous radio-quiet quasar at z = 1.3371, and 
MG 0414+0534 (= 4C+05.19), a gravitationally lensed quasar at z = 2.639. 

The observations were carried out in the A3mm band using the Plateau de Bure Interferometer 
of the Institut de Radio Astronomie Millimetrique over a number of sessions during 1996 and 1997. 
The array consisted of 4 or 5 x 15m antennas in various configurations covering baselines from 
32-400 m. Total observing times were 10 hours for PG 1634+706 and 30 hours for MG 0414+0534. 
The total frequency bandwidth was 500 MHz, and system temperatures were typically 130 K. 
For MG 0414+0534, which has 40 mJy of continuum flux, bandpass correction was applied using 
3C454.3, 0415+379, and 0420-014 as the bandpass calibrators. We estimate that the bandpass 
correction is accurate to better than a few percent, or ^ 1 mJy, across the observed band. 

Significant CO emission was detected only in MG 0414+0534. Line parameters for MG 
0414+0534, and upper limits for PG 1634+706, are summarized in Table 1. 

2.1. PG 1634+706 

PG 1634+706 was detected in all four IRAS bands (12, 25, 60, & 100 /xm) in pointed 
observations (Neugebauer et al 1986). Given its radio quiet nature, the mid- to far-infrared 
continuum is very likely emission from dust (see, e.g., Barvainis 1992). The IRAS fluxes are 
similar to those of the Cloverleaf at 60 and 100 /um, so PG 1634+706 seemed like an excellent 
candidate for study in molecular line emission. Because of the narrow bandwidths available in 
millimeter-wavelength spectrometers, it is important to use the best possible estimate of the 
systemic redshift of the target. The standard catalog redshift of PG 1634+706 is 1.334, based 
on the high-ionization broad emission lines. However, these lines can be blue-shifted relative to 
systemic by over 1000 km s _1 in some quasars. We used instead the (adjusted) systemic redshift 
estimate given by Tytler and Fan (1992) of z = 1.3371, to obtain an observing frequency of 98.647 
GHz for the CO(2 - 1) line (rest frequency 230.538 GHz). 

No significant line emission was detected toward PG 1634+706. It is very unlikely that the 
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source was resolved out, since the synthesized beam was 5.7 x 5.2" (PA —27°), or ~ 30hj kpc in 
diameter at the source (where hfo is the Hubble constant in units of 70 km s" 1 Mpc -1 , and we 
have taken qo = 1/2). The spectrum is shown in Figure 1, smoothed to a velocity resolution of 
152 km s _1 . The RMS noise per channel at this resolution is 1.3 mJy/beam; using this we derive 
a 3<t upper limit to the line peak of 2.9 mJy and to the velocity-integrated line flux of 0.86 Jy km 
s _1 , assuming a gaussian line of full width half maximum 300 km s _1 . There is a weak continuum 
source, with flux density 1.3 ± 0.4 mJy, at the position of the quasar. This is comparable to the 
~ 1 mJy flat spectrum centimeter wavelength source (Antonucci Sz Barvainis 1988), showing that 
this component remains flat out to millimeter wavelengths. 

2.2. MG 0414+0534 

MG 0414+0534 resolves into four components with maximum separation 2.1" in high 
resolution radio images (Al, A2, B, and C; Hewitt et al 1992). The combined optical spectrum 
between 6000A and 9400A is extremely red, with S v cx ^ 8 - 8 (Hewitt et al 1992). The lensed 
nature of this system was confirmed by optical spectra comparing components A1+A2 and B 
(Angonin-Willaime et al 1994). Lawrence et al (1995, herafter LEJT) identified a strong broad Ha 
line from near-infrared spectroscopy and determined a redshift of z = 2.639 ± 0.002 for the lensed 
object; broad Ha is known to be a good indicator of the true systemic redshift. The redshift of 
the lensing galaxy remains unknown. LEJT argue that MG 0414+0534 is a typical high-redshift 
quasar heavily reddened by dust in the lens. They argue further that the IRAS detections at 
25 fim (70 ± 24 mJy) and 60 /im (140 ± 40 mJy) originate in the quasar itself, rather than in the 
lens, for the following reasons. First, the overall dereddened SED, including the IRAS points, is 
typical of a low-redshift IRAS quasar. Second, if the lens is a normal galaxy at an intermediate 
redshift (0.5-1.5), it would have to have an unprecedented infrared luminosity to be detected by 
IRAS. MG 0414+0534 is thus very similar to the Cloverleaf: a distant, lensed quasar with strong 
infrared emission. We searched for CO(3 — 2) emission at a frequency of 95.025 GHz, based on the 
Ha redshift of LEJT. 

MG 0414+0534 showed evidence for CO emission after the first 8 hours of observation. The 
line was confirmed in 22 hours of follow-up, resulting in a secure detection of CO(3 — 2) emission 
centered within 100 km s -1 of the Ha redshift. The final spectrum, spatially integrated over the 
four centimeter- wavelength continuum components, is shown in Figure 2 (top panel). 

The lensed configuration of the centimeter radio continuum components is as follows: relative 
to component Al in the 5 GHz map of Hewitt et al (1992), A2 lies at [RA, Dec] = [+0.13", +0.39"], 
B lies at [-0.60", +1.89"], and C lies at [-1.94", +0.25"]. The relative strengths, combining A1+A2 
into one component designated A, are approximately 14:3:1 for A:B:C. With a synthesized beam of 
2.0 x 0.9" (PA 16°), it is difficult to separate the components in the CO(3 — 2) velocity-integrated 
map plane. However, by fitting the UV data directly we were able to resolve the combined A 
components from component B and obtain separate CO (3 — 2) spectra. These are shown in Figure 
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2 (two lower panels). The line from B is weak, and looks somewhat different from the A line. The 
relative strength A:B in the continuum at 5 GHz is 5:1. In our millimeter wavelength data the 
continuum ratio is more like 7:1 (see Figure 3). Given the noise on the spectra, and assuming that 
the 7:1 ratio holds for CO, the B line-shape is only marginally consistent with that of A. The only 
channel in the B spectrum that is very significantly different from the prediction based on A/7 is 
the one centered at +63 km s _1 , which is 3.9a too high. But the channels centered at +221 km 
s _1 and —95 km s _1 are also too high, by 1.4a and 2.1a, respectively. To explain a difference 
between the A and B spectra, it is quite possible that due to proximity to a caustic the B and 
A images sample a different region in an extended CO source, resulting in a different line shape. 
Further progress on this point will have to await data of higher resolution and signal-to-noise ratio. 

There is some evidence that the CO source may in fact be slightly extended and displaced 
about l" west of the continuum source, but the size measurement is complicated by the relatively 
strong (40 mJy) continuum source underlying the CO line emission. Until more sensitive 
observations are performed, we quote a limit on the CO source size of 6qo < 3". 



3. Discussion and Conclusions 

The detection of CO in MG 0414+0534 adds to the similarities between it and both IRAS 
F10214+4724 and the Cloverleaf - all have weak IRAS detections, are gravitationally lensed, lie 
at redshifts near 2.5, and have abundant molecular gas. Given that detectable mid- to far-infrared 
flux appears to be a good (but not infallible) selection criterion for molecular gas, it is useful to 
look at the CO-to-IR luminosity ratio. We define the frequency-integrated CO (3 — 2) luminosity 
relative to the vL u luminosity at 30 //m (rest frame, or ~ 100 /iin observed frame for z « 2.5) to 
be Rco/m = J L Ve du e [CO(3 - 2)]/v e L Ue [30 /mi]. For MG 0414+0534, i? co /iR = 1-0 x 10" 6 , which 
is equal to the value found for F10214+4724 and 2.4 times lower than that of the Cloverleaf. 

For a sample of seven nearby quasars and luminous Seyfert 1 galaxiesQ detected in CO(l — 0), 
this ratio spans the range Rco/iR = (4-7 — 15 x 10~ 6 ) j-^jiloj . Here we have included a factor 
for the line brightness temperature ratio between CO(3-2) and CO(1-0). This ratio may be 
~ 0.5-0.8 due to subthermal excitation or other effects, as observed in luminous infrared galaxies 
at low redshift (Radford, Solomon, & Downes 1991). For the detected high redshift quasars 
R co/m = 1.0 - 2.4 x 10 -6 , a factor of five below the local objects if the CO(3 - 2) and CO(l - 0) 
brightness temperatures are equal. It is likely however that j^fczztfj < 1) as noted, bringing the 
CO-to-IR ratios closer. Also, the nearby sample only includes CO-detected objects, which would 
tend to have a higher ratio than average (to our knowledge no complete CO survey of nearby 
IRAS-detected objects has been done). Parenthetically, the CO-to-IR ratio could be affected by 
lensing: if the CO and infrared sources are not the same size, they might be magnified by different 
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f actors. 

Because of its IRAS detections, PG 1634+706 seemed like a good candidate for CO emission. 
For this quasar Rqo/ir < (0.7 x 10~ 6 ) 7^(2-1) ' wmcn i s below the lowest values for the detected 
objects noted above. Since PG 1634+706 is the only unlensed radio quiet quasar detected by 
IRAS at high redshift, it is anomalously infrared-luminous, and this may be related to the low 
CO-to-IR ratio. Sanders, Scoville, & Soifer (1991) note that among nearby luminous IRAS 
galaxies, the highest luminosity galaxies have the lowest CO-to-IR ratios (or, in their formulation, 
the highest Ljr/M(H2) ratios). This could be a result of the extra energy input from an active 
galactic nucleus heating the circumnuclear dust. PG 1634+706 is a very powerful quasar whose 
UV emission may drive up dust temperatures over a very large volume. 

Using the CO size upper limit of 3", the upper limit on the dynamical mass in MG 0414+0523 

is 

M dyn « r ^FWHM < g Q x 10 ll m -l^-l M (1) 

where m is the (unknown) lensing magnification factor, and the inclination angle i has 
been taken to be 45°. A very conservative upper limit to the molecular hydrogen mass is 
M(H2) < 5 x L' co = 2.2 x 10 n m -1 /i7 2 Mq (this would correspond to Galactic molecular clouds, 
whereas in infrared galaxies and quasars it is thought that the H2 mass to CO luminosity ratio is 
much lower - see Barvainis et al 1997; Shier, Rieke, & Reike 1994). So the molecular hydrogen 
mass is well below the current limit on the dynamical mass. A value or a better limit will follow 
with high resolution measurements of CO(7 — 6) at 1 mm wavelength. 

Finally, it is worth noting that CO fluxes are not subject to microlensing, reddening, or 
intrinsic variability like the optical fluxes are. When sensitive, high resolution (« 0.5") CO 
observations become available they can be used as an accurate data set for helping constrain the 
macrolensing parameters of the gravitational lens system toward MG 0414+0534, as has recently 
been done for the Cloverleaf quasar (Kneib et al 1997). 
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FIGURE CAPTIONS 

Fig. 1. — CO(2 — 1) spectrum toward PG 1634+706, smoothed to a resolution of 152 km s _1 . The 
velocity offsets are relative to a redshift of 1.337, and the horizontal dashed line represents the 
continuum level. 

Fig. 2.— CO(3 - 2) spectra toward MG 0414+0534, smoothed to a resolution of 158 km s _1 . The 
velocity offsets are relative to a redshift of 2.639. The lower panel shows the spectrum of lensed 
component A (= A1+A2), the middle panel component B, and the top panel the sum. 



This preprint was prepared with the AAS IAT^X macros v4.0. 



Table 1. Line Parameters 



PG 1634+706 MG 0414+0534 Units 

Line CO: 2 - 1) CO(3 - 2) 

z ohs 1.337 2.639 

zco ... 2.639 

Sco(peak) < 3.7 4.4 mjy 

Aup-vvHM ■■■ 580 km s -1 

Sco^v < 0.9 2.6 Jy km s" 1 

Leo < 4.4 57m- 1 lO 6 ^, 2 L Q 

L' < 1.0 4.3m- 1 10 10 /i" 2 K km s- 1 pc 2 



Note. - 



The variable m in the luminosities for MG 0414+0534 is the (unknown) gravitational lensing magnification factor. 
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